Aims We have previously shown that activation of leptin signalling in the heart reduces cardiac morbidity and mortality after myocardial infarction (MI). In the present study, we tested the hypothesis that leptin signalling limits cardiac apoptosis after MI through activation of signal transducer and activator of transcription (STAT)-3 responsive anti-apoptotic genes, including B-cell lymphoma (bcl)-2 and survivin, that serve to downregulate the activity of caspase-3. Methods and results Hearts from C57BL/6J and three groups of leptin-deficient Ob/Ob mice (foodrestricted, ad libitum, and leptin-repleted) were examined 4 weeks after permanent left coronary artery ligation or sham operation. Inflammatory and apoptotic cell number was determined in cardiac sections by immunostaining. Expression of cardiac bcl-2, survivin, and pro and active caspase-3 was determined and correlated with in vitro caspase-3 activity. In the absence of MI, both lean and obese leptin-deficient mice exhibited increased cardiac apoptosis compared with wild-type mice. After MI, the highest rates of apoptosis were seen in the infarcted tissue of lean and obese Ob/Ob mice. Further, leptin-deficient hearts, as well as hearts from wild-type mice treated with the STAT-3 inhibitor WP1066, exhibited blunted anti-apoptotic bcl-2 and survivin gene expression, and increased caspase-3 protein expression and activity. The increased caspase-3 activity and apoptosis in hearts of leptindeficient mice after MI was significantly attenuated in Ob/Ob mice replete with leptin, reducing apoptosis to levels comparable to that observed in wild-type mice after MI. Conclusion These results demonstrate that intact leptin signalling post-MI acts through STAT-3 to increase anti-apoptotic bcl-2 and survivin gene expression and reduces caspase-3 activity, consistent with a cardioprotective role of leptin in the setting of chronic ischaemic injury.
Introduction
A key feature in the pathogenesis of heart failure (HF) is cardiomyocyte loss. 1 Both cellular necrotic and apoptotic processes account for the cardiomyocyte loss seen in HF, with apoptosis initiated by ischaemia, infarction, inflammation, and other pathologic events that occur early as well as later in the setting of left ventricular (LV) dysfunction. 2 Apoptosis is a modality of cell death that differs from necrosis by being an active, highly regulated, and energyrequiring process. 3 Apoptosis occurs continuously at a rate of up to 0.7% in chronic stable human HF 4 and has been defined in cardiomyocytes by specific morphologic criteria, including DNA fragmentation, condensation of chromatin, maintenance of intact cytoplasmic structures, and intact cell membranes. 5 In contrast, myocardial necrosis, which typically occurs early in the setting of cardiac injury, represents an acute process involving a large number of cardiomyocytes that undergo cellular destruction through rupture of the plasma membrane and release of intracellular contents into the surrounding tissue. 6 Nevertheless, cardiomyocyte apoptosis, even amounts that occur at low levels, is recognized as an important component in the long-term development of HF. 7 Cardiomyocyte viability is dependent upon the action of opposing apoptotic and survival pathways. Apoptosis is mediated at the biochemical level by a family of cysteinylaspartate-directed proteases known as caspases. 8 Two major apoptotic pathways have been described in mammalian cells, an intrinsic and an extrinsic pathway, that converge to activate one final effector molecule, caspase-3. 9 The intrinsic pathway in the heart is initiated by the release of cytochrome c from the mitochondria in response to hypoxia, ischaemia, and oxidative stress, 10 whereas the extrinsic pathway is activated by members of the death receptor superfamily, including the Fas receptor and the tumour necrosis factor receptor. 11 Activation of both the intrinsic and extrinsic apoptotic cascades is complex and regulated at many levels by various death antagonist and agonist proteins. For example, B-cell lymphoma (bcl)-2 is a potent anti-apoptotic protein that is anchored to the outer mitochondrial membrane and serves to limit activation of the intrinsic pathway by binding to proteins that mediate mitochondrial membrane disruption, 12 including bcl-2 associated x (bax) and bcl-2 antagonist killer (bak) proteins. Regulating this availability is bcl-2 associated death (bad) promoter, a cytoplasmic protein that can bind to bcl-2. When phosphorylated, however, bad loses its ability to bind bcl-2 and contributes to cell survival. One other important regulatory protein is survivin, a member of the inhibitor of apoptosis protein gene family. Survivin blocks activation of effector caspases in both extrinsic and intrinsic pathways of apoptosis. 13 More importantly, both survivin and bcl-2 have been shown to limit cardiomyocyte apoptosis in the setting of HF. 14, 15 Thus, apoptosis in the failing heart involves activation of caspase-3 through intrinsic and extrinsic pathways, and is regulated by the action of antiapoptotic proteins, including bcl-2 and survivin.
bcl-2 16 and survivin 17 are both signal transduction and activator of transcription (STAT)-3 responsive genes. In our prior study, 18 we observed an increase in STAT-3 activation in wild-type mice at 4 weeks post-experimental myocardial infarction (MI) leading to HF. In leptin-deficient Ob/Ob mice, experimentally induced MI caused a blunted STAT-3 response that was associated with increased morbidity and mortality compared with wild-type mice. Leptin treatment in Ob/Ob mice restored the STAT-3 response, as well as morbidity and mortality, to that seen in infarcted wild-type animals. Here, we extend these previous findings by assessing apoptosis and inflammation in hearts from these same animals, and in a second group of wild-type mice treated with the STAT-3 inhibitor, WP1066. Whereas others have shown that leptin limits cardiomyocyte apoptosis induced by oxidative stress in vitro 19 and that it reverses age-associated cardiomyocyte apoptosis in vivo, 20 it is unknown what effect leptin has on cardiac apoptosis that occurs after MI and in HF. Hence, the present study was undertaken to test the hypothesis that leptin limits cardiac apoptosis post-MI through activation of STAT-3 responsive anti-apoptotic genes that downregulate the activity of caspase-3.
Methods

Animals
We have previously published 18 the experimental protocol for the coronary artery ligation (CAL) and sham procedures performed on the wild-type and Ob/Ob mice whose hearts were subsequently used in this study. All animal use conformed with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by the Institutional Care and Use Committee at the University of Pittsburgh. In our first set of previously reported experiments, 18 seven groups of 5-to 6-week-old male leptin-deficient Ob/Ob and wild-type (littermate control C57BL/6) mice were subjected to sham or CAL surgery, and studied 4 weeks later. These included three groups of sham animals (lean wild-type food-provided ad libitum, lean Ob/Ob food-restricted, and obese Ob/Ob food-provided ad libitum) and four groups of CAL animals [lean wild-type food-provided ad libitum, obese Ob/Ob foodprovided ad libitum, lean Ob/Ob food-restricted, and lean Ob/Ob leptin-replete (0.3 mg/kg/day sc by miniosmotic pump starting the day prior to CAL surgery and continuing to 4 weeks)]. Echocardiography on surviving animals was performed 4 weeks postoperatively, followed by animal euthanasia and tissue recovery. In a second, independent set of experiments, sixteen 5-to 6-week old male C57BL/6 mice were subjected to CAL surgery. At 3.5 weeks post-surgery, surviving mice underwent echocardiography and randomization in equal numbers to either treatment with the STAT-3 inhibitor WP1066 (20 mg/kg; Calbiochem) or equal volume vehicle (20% DMSO, 80% PEG-3000) given ip daily for 3 days. WP1066 dose was determined based on published toxicity and efficacy data in mice. 21 Mice were then studied again by echocardiography, followed by euthanasia and tissue recovery.
STAT-3 DNA-binding assay
Protein extracts were assayed for STAT-3 DNA-binding activity using a STAT-3 DNA-binding ELISA kit (Active Motif) that is specific for the detection of activated STAT-3 as per manufacturer's instructions. Specificity of binding was confirmed using competitor and mutant oligonucleotides provided by the manufacturer.
Immunofluorescence/TUNEL staining
Mouse cardiac tissue was harvested and fixed in 2% paraformaldehyde and cryoprotected in 30% sucrose, as described previously. 18 Quantification of CD45-and TUNEL-positive cell numbers was performed on at least 10 Â 20 fields per mouse (3000-4000 cells/ field with a minimum of four mice in each experimental group) in both infarcted and non-infarcted tissue using the image analysis software Metamorph v7.5 (Molecular Devices). Results are reported as an apoptotic index or inflammation index, representing the percentage of nuclei that are associated with either TUNEL or CD45 staining, respectively. For further details, see Supplementary material online.
Quantitative real-time reverse transcriptasepolymerase chain reaction analysis
Total RNA was isolated from hearts and utilized for quantitative RT-PCR as described previously. 18 For further details, see Supplementary material online.
Western blotting
Protein was extracted from hearts and utilized for immunoblotting as described previously. 18 For further details, see Supplementary material online.
In vitro caspase-3 activity assay
Basal, caspase-8, and cytochrome c stimulated caspase-3 activity was determined using the Caspase-3/CPP32 Colorimetric Assay kit (Biovision), recombinant active human caspase-8, and horse cytochrome c as detailed in the Supplementary material online.
Statistical analysis
Data presented are mean + standard error of the mean (SEM). Statistical significance of mean changes in apoptotic and CD45 cell number, mRNA and protein expression, and caspase-3 activity were determined by independent t-test when comparisons were limited to two, or by one-way ANOVA with post hoc comparisons between means using Bonferroni simultaneous tests, when comparisons exceeded two groups.
Results
Leptin deficiency results in greater morbidity and mortality after coronary artery ligation
The tissue utilized in this part of this study arose from mice that we had characterized previously.
18 Table 1 summarizes our previously reported survival and echocardiographic measurements obtained 4 weeks after CAL and sham surgeries in 5-to 6-week-old male wild-type C57BL/6J and Ob/Ob mice. 18 All three groups of sham mice (wild-type, Ob/Ob food-restricted, and Ob/Ob food-provided ad libitum) demonstrated 100% survival, an end-diastolic dimension (EDD) of 3.0 mm, and a fractional shortening (FS) of 50% at 4 weeks post-surgery. After CAL, wild-type mice demonstrated a survival rate of 75%, a 50% reduction in FS to 25%, and a 150% increase in the EDD of the LV to 4.4 mm. In contrast, both lean and obese leptin-deficient Ob/Ob mice subjected to CAL had worse survival (45%), decreased cardiac function (15% FS), and greater LV dilation (EDD of 5.4 mm). Demonstrating a beneficial effect of leptin in the setting of chronic ischaemic myocardial injury, Ob/Ob CAL mice replete with leptin demonstrated survival (69%), FS (27%), and EDD (4.3 mm) measurements that were comparable to those seen in wildtype CAL mice. These changes in cardiac structure, function, and mortality post-CAL were associated with an approximately two-fold increase in cardiac STAT-3 activation in wild-type and leptin-replete Ob/Ob mice post-CAL relative to lean and obese leptin-deficient Ob/Ob mice post-CAL.
Leptin deficiency causes increased apoptosis and inflammatory cell number in sham mice
Hearts from wild-type sham mice had an apoptotic index of 0.08% ( Figure 1A ). In contrast, leptin-deficient sham mice, whether food-provided ad libitum (and therefore obese) or food-restricted (and therefore lean), had apoptotic indices of 0.14% and 0.17%, respectively ( Figure 1A ). This increase in apoptotic index in leptin-deficient hearts was accompanied by an increased inflammatory index (i.e. percentage of CD45-positive, pan-inflammatory cells) ( Figure 1B and C). Despite increased inflammatory index in leptin-deficient sham hearts, the fraction of apoptotic cells that were CD45-negative was significantly increased relative to wild-type shams, demonstrating that the increased apoptosis observed in Ob/Ob mice is occurring in non-inflammatory resident cardiac cells ( Figure 1C ).
Coronary artery ligation causes increased
apoptosis and inflammatory cell number in remote and infarcted cardiac tissue of leptin-deficient Ob/ Ob mice that is attenuated with leptin repletion 3.3.1 Remote tissue At 4 weeks post-CAL, tissue was examined from an area of the heart at the level of the mid-left ventricle outside of the zone of infarction (recognized by its wall thickness and nuclear density). In this non-infarcted tissue, wild-type mice had an apoptotic index of 0.15%, an inflammatory index of 20%, and a non-inflammatory cell apoptotic (TUNEL-positive/CD45-negative cells) index of 0.06% (Figure 2A and B) . In contrast, non-infarcted tissue from leptin-deficient obese and lean Ob/Ob mice subjected to CAL demonstrated an increased inflammatory index (28% CD45-positive cells) and greater amounts of apoptosis in non-inflammatory cell types (0.54% apoptotic index, 0.34% TUNEL-positive/CD45-negative). These exacerbated indices of inflammation and apoptosis were attenuated with exogenous leptin. Specifically, non-infarcted tissue from the Ob/Ob mouse replete with leptin and subjected to CAL showed 20% inflammatory, 0.17% apoptotic, and 0.06% non-inflammatory cell apoptotic indices.
Infarcted tissue
Wild-type mice demonstrated an inflammatory index of 32%, an apoptotic index of 0.54%, and a noninflammatory cell apoptotic index of 0.17% (Figure 2A and B). Worse indices of inflammation (70% CD45-positive cells), total apoptosis (2.75%), and non-inflammatory cell apoptosis (1.98%) were seen in infarcted tissue from both obese and lean leptin-deficient Ob/Ob mice. These findings are in contrast to infarcted tissue from the Ob/Ob mouse replete with leptin and subject to CAL. Specifically, with leptin repletion in the Ob/Ob mouse, infarcted tissue demonstrated indices of inflammation (32% CD45-positive cells), total apoptosis (0.56% apoptotic cells), and non-inflammatory cell apoptosis (0.19%) comparable to those seen in the wild-type mouse.
Leptin-deficient hearts post-coronary artery ligation exhibit decreased anti-apoptotic bcl-2 and survivin expression and decreased bad phosphorylation
Cardiac bcl-2 mRNA expression in obese and lean leptindeficient Ob/Ob sham mice was unchanged relative to wildtype sham mice ( Figure 3A) . CAL in wild-type mice resulted in a 300% increase in cardiac bcl-2 mRNA expression, whereas bcl-2 transcript levels were reduced by 30% in obese and lean leptin-deficient Ob/Ob mice subjected to CAL ( Figure 3A ). This reduction in anti-apoptotic bcl-2 expression was attenuated in leptin-replete Ob/Ob mice subjected to CAL, which showed 350% increase in cardiac bcl-2 mRNA relative to wild-type shams, a value comparable to wild-type mice subjected to CAL. These changes in cardiac bcl-2 mRNA across groups were paralleled by similar changes in bcl-2 protein. A pattern of mRNA and protein expression similar to bcl-2 was seen for survivin across all seven experimental groups ( Figure 3B) . Additionally, the ratio of phosphorylated (p) to total (t) cardiac bad protein was increased 350% in wild-type and leptin-replete Ob/Ob mice subjected to CAL relative to obese and lean leptin-deficient Ob/Ob subjected to CAL, with no change in total bad protein ( Figure 3C ). In contrast, whereas CAL resulted in a 200% increase in apoptotic bax and bak protein expression relative to sham groups, there were no leptin-dependent differences in bax and bak expression among the CAL groups (see Supplementary material online, Figure S1 ).
Leptin-deficient hearts demonstrate increased active caspase-3 expression and activity
At baseline, wild-type sham mice hearts demonstrated a ratio of active-to pro-caspase-3 of 2 ( Figure 4A and B) .
In agreement with the increased rates of myocardial apoptosis observed in obese and lean leptin-deficient Ob/Ob sham mice (Figure 1) , cardiac tissue from these same mice demonstrated an increase in the ratio of active-to pro-caspase-3 to 2.5. With CAL, the ratio of active-to pro-caspase-3 in wild-type mice increased from 2 to 3 ( Figure 4B ). In comparison, the ratio of active-to pro-caspase-3 in lean and obese leptin-deficient Ob/Ob mice subjected to CAL was further increased to 4.6. This increased active-to pro-caspase-3 ratio in leptin-deficient Ob/Ob mice was attenuated with leptin replacement, as the leptin-replete Ob/Ob mouse subjected to CAL demonstrated a ratio of 2.8, a value similar to that seen in wildtype CAL mice. Paralleling the direction and magnitude of changes in the ratio of active-to pro-caspase-3, relative per cent changes in the amount of active caspase-3, when normalized to the housekeeping protein GAPDH, showed a similar pattern of response across groups ( Figure 4C ). Also consistent with these changes in the ratio of active-to pro-caspase-3 and the GAPDH normalized amount of active-caspase-3 protein present, the in vitro activity of caspase-3 was significantly increased in obese and lean leptin-deficient Ob/Ob sham and CAL mice relative to wildtype sham mice ( Figure 4D ). Finally, both the caspase-8 and cytochrome c stimulated in vitro caspase-3 activity was significantly increased in obese and lean leptin-deficient Ob/Ob sham and CAL mice relative to wild-type sham mice, but blunted in wild-type and leptin-replete Ob/Ob CAL mice.
3.6 Short-term systemic administration of compound WP1066 in the setting of chronic ischaemic injury inhibits cardiac STAT-3 activation Table 2 summarizes survival and echocardiographic measurements obtained 3.5 weeks after CAL surgeries in a second group of 5-to 6-week-old male wild-type C57BL/6J mice (representative echocardiographic images in Supplementary material online, Figure S2 ). Prior to randomization into vehicle or WP1066 treatment groups (i.e. at 3.5 weeks post-CAL), mice demonstrated 75% survival, an FS of 23%, and an EDD of 4.5 mm. These values were unchanged after 3 days of either vehicle or WP1066 administration and are similar to those obtained at 4 weeks post-CAL in wild-type and leptin-replete Ob/Ob mouse groups ( Table 1) . After 3 days of WP1066 administration, the level of cardiac p/t STAT-3 protein and cardiac STAT-3 DNA-binding activity were both decreased 50% relative to vehicle-treated controls ( Figure 5A and Table 2 ). 3.7 STAT-3 inhibition in the setting of chronic ischaemic injury increases cardiac apoptosis and inflammatory cell number similar to that observed in leptin-deficiency in both remote and infarcted myocardium
In remote myocardium, mice administered WP1066 had an apoptotic index of 0.6%, an inflammatory index of 27%, and a non-inflammatory cell apoptotic (TUNEL-positive/ CD45-negative cells) index of 0.4% ( Figure 5B and C ).
Infarcted tissue from these same mice demonstrated an apoptotic index of 3%, an inflammatory index of 66%, and a non-inflammatory cell apoptotic index of 2.2%. These indices of apoptosis and inflammation are similar to those observed in obese and lean leptin-deficient Ob/Ob mice subjected to CAL (Figure 2) . In contrast, vehicletreated mice had indices of apoptosis, inflammation, and non-inflammatory cell apoptosis ( Figure 5B and C) that matched those seen in wild-type and leptin-replete Ob/Ob mice ( Figure 2) . 
STAT-3 inhibition post-coronary artery ligation decreases anti-apoptotic bcl-2 and survivin expression, decreases phosphorylated bad, and increases caspase-3 activation
As observed in leptin-deficient mice post-CAL (Figure 3) , cardiac bcl-2 and survivin mRNA ( Figure 6A ) and protein ( Figure 6B ) expression were significantly decreased after WP1066 treatment. Similarly, the ratio of cardiac p/t bad was significantly decreased after administration of WP1066 ( Figure 6C ), whereas the expression of total bad, bax, and bak was unchanged ( Figure 6D) . However, the ratio of active-to pro-caspase-3 was increased from 2.8 to 4.3, and the GAPDH normalized expression of active caspase-3 was increased to 160% of vehicle-treated controls ( Figure 6E ). These increases in caspase-3 expression were paralleled by a similar increase in basal, and even greater increases in caspase-8 and cytochrome c stimulated, in vitro caspase-3 activity ( Figure 6F ).
Discussion
In our prior study, 18 we showed that leptin has protective and beneficial effects in the setting of myocardial injury leading to cardiac dysfunction and eventual HF. Specifically, leptin-deficient Ob/Ob mice post-CAL, whether obese or lean, had worse survival and cardiac function relative to wild-type or leptin-replete Ob/Ob mice post-CAL (Table 1) . Here, by looking at apoptosis and inflammation in hearts from these same animals, and in wild-type mice treated with a STAT-3 inhibitor, we present a potential mechanism to account for the worse morbidity and mortality in leptindeficient mice post-CAL. Specifically, leptin-deficient sham and CAL mice demonstrated increased apoptosis and inflammation that occurred independent of weight. Although rates of apoptosis and inflammation were much higher in infarcted compared with remote (non-infarcted) tissue, examination of both areas demonstrated that the predominant apoptotic cell type in the setting of cardiac injury and leptin deficiency is non-inflammatory. The increased apoptotic and inflammation indices seen in leptin-deficient mice post-CAL were attenuated in Ob/Ob mice replete with leptin. Our data also suggest that leptin deficiency and its accompanying loss of cardiac STAT-3 activation are linked to decreased expression of the anti-apoptotic genes bcl-2 and survivin in the heart after CAL. The significance of these changes in bcl-2 and survivin expression on the apoptotic cascade is manifest by our additional finding of increased basal and caspase-8/cytochrome c stimulated caspase-3 activity in the hearts of obese and lean leptindeficient Ob/Ob mice relative to wild-type mice. Together, these results provide evidence that intact leptin signalling limits cardiac apoptosis, especially in the setting of myocardial injury post-CAL.
A major finding in this study was an association between leptin deficiency and increased indices of cardiac inflammation and apoptosis, not only in the setting of cardiac injury, but also in non-infarcted hearts from Ob/Ob sham mice. Whereas increased inflammation and apoptosis were seen in Ob/Ob sham and Ob/Ob CAL mice relative to mice with intact leptin signalling, we found that the fraction of apoptotic cells that were also CD45-positive did not increase proportionally. This suggests that the absolute increase in cardiac apoptosis that accompanies leptin deficiency is the result of increased non-inflammatory cell death, including cardiomyocytes and fibroblasts. This increased cardiomyocyte and/or other non-inflammatory cell death likely contributes to the worse functional and survival outcomes that occur 4 weeks after experimentally induced MI, 18 and that observed in leptin-deficient Ob/Ob mice with ageing 20 and myocarditis. 22 Thus, leptin deficiency is linked to increased cardiac inflammation and non-inflammatory cell apoptosis.
Our data are in agreement with published studies showing that leptin deficiency results in increased cardiac apoptosis due to ageing in Ob/Ob and db/db mice, 20, 23 and increased cardiac inflammation and apoptosis in Ob/Ob mice with viral myocarditis. 22 Others have also shown that leptin deficiency is linked to greater susceptibility to lipopolysaccharideinduced lethality, 24 a four-fold increase in basal levels of circulating monocytes, 25 and higher basal circulating levels of C-reactive protein and interleukin-6. 26 Hence, it is not unreasonable to speculate that the increased cardiac inflammatory index that we observed in both ischaemic and nonischaemic myocardium from the Ob/Ob mouse is due in part to a baseline dysregulation of the systemic immune and inflammatory response that accompanies the leptindeficient state.
Post-CAL, our data demonstrate that leptin deficiency results in greater amounts of cardiac apoptosis when compared with wild-type or leptin-replete Ob/Ob mice. Apoptosis is a complex process that is regulated by the activity of a number of proteins, including bcl-2, survivin, bad, bax, and bad. Whereas bax and bad demonstrated no leptin or STAT-3- dependent change post-CAL, bcl-2, survivin, and the ratio of p/t bad were significantly increased in mice with intact leptin signalling. In the heart, bcl-2 limits apoptosis and protects against cardiac ischaemia/reperfusion damage in vivo, 27 survivin decreases apoptosis in failing myocardium, 14 and phosphorylated bad is associated with smaller infarct sizes after ischaemia/reperfusion injury. 28 Both bcl-2 and survivin are STAT-3 inducible 16, 17 and both have been shown to be upregulated by leptin through leptin receptor-mediated STAT-3 signal transduction. 17, 29 Further, bad phosphorylation has been linked to STAT-3 activation in the setting of cardiac ischaemia/reperfusion injury independent of other classic pro-survival kinases. 28 Consistent with our prior finding of a relative loss of STAT-3 expression and activity in leptin-deficient mice relative to wild-type or leptin-replete Ob/Ob mice post-CAL, 18 when we examined the cardiac expression of bcl-2, survivin, and p/t bad in these same mice, and in mice treated with the STAT-3 inhibitor WP1066, we observed a similar relative loss of expression. Functionally, this blunted anti-apoptotic protein expression in leptin-deficient and WP1066-treated mice post-CAL correlates with an increased amount of cardiac apoptosis and is consistent with the reported relationships between leptin, STAT-3, bcl-2, survivin, caspase-3, and apoptosis in the heart 14, 19, 20, 22, 27 and other tissues. 16, 17, 29 Thus, leptin deficiency results in increased cardiac apoptosis post-CAL that is linked to a relative decrease in cardiac STAT-3 activation and bcl-2, survivin, and p/t bad expression. Our data links increased rates of apoptosis post-CAL in leptin-deficient mice to decreased anti-apoptotic bcl-2, survivin, and p/t bad expression. However, the effect of antiapoptotic proteins on the amount of apoptotic cell death that ultimately occurs depends on the activity of caspase-3, a final effector molecule in both the intrinsic and extrinsic apoptotic cascades. In obese and lean leptindeficient Ob/Ob sham and CAL mice, and in mice treated with the STAT-3 inhibitor WP1066, the expression of active caspase-3 was significantly increased relative to their respective control mice. Further, the in vitro assessment of caspase-3 activity paralleled these changes in active protein expression, and the increased caspase-8 and cytochrome c stimulated in vitro caspase-3 activity seen in leptin-deficient and WP1066-treated mice confirms the functional significance of their blunted bcl-2, survivin, and phosphorylated-bad expression post-CAL. Taken together, our data suggest that leptin deficiency is linked to increased cardiac apoptosis through greater caspase-3 activity and that restoration of leptin signalling downregulates cardiac caspase-3 activity post-CAL ( Figure 7) . These findings are consistent with in vitro data showing leptin-mediated downregulation of caspase-3 activity in rat cardiomyocytes exposed to oxidative stress 19 and in vivo data showing that leptin-deficient mice have increased active caspase-3 expression relative to wild-type mice. 20 Thus, leptin deficiency, independent of weight, results in greater caspase-3 activity and increased apoptosis that are attenuated with leptin repletion, suggesting that leptin is an important factor in limiting cardiac cell death in both infarcted and remote (non-infarcted) tissue post-MI.
Although our data suggest a leptin-and STAT-3-mediated attenuation of cardiac apoptosis post-CAL, there are several limitations to our study that deserve comment. First, we have limited our analysis to a small number of known STAT-3 responsive anti-apoptotic proteins and a final effector molecule, caspase-3. It is possible that other non-STAT-3-mediated effects are contributing to the changes seen in cardiac apoptosis and caspase-3 activity in leptin deficiency. Indeed, our data in leptin-deficient sham vs. wild-type sham mice demonstrate that differences in apoptosis and caspase-3 activity occur in the setting of equal bcl-2 and survivin expression, suggesting that additional upstream regulatory proteins not examined here, but nevertheless important, must be involved. Secondly, we have only looked at inflammatory and apoptotic events at 4 weeks post-CAL. It is possible that even more dramatic changes in these indices would be present in the immediate 2-to 3-day period after MI. Finally, we observed that increased caspase-3 activity in leptin-deficient hearts is linked to increased apoptosis. However, other non-apoptosis-regulating targets of caspase-3 action may contribute to the worse morbidity and mortality observed in leptindeficient mice post-CAL. 18 For example, in addition to poly(ADP-ribose) polymerase, which coordinates DNA repair and decreases the activity of endogenous endonucleases, caspase-3 cleaves and inactivates key contractile proteins, including tropomyosin, cardiac troponin, and myosin heavy chains. 30 Hence, while these non-apoptotic targets of caspase-3 action were not the focus of this study, their proteolysis by caspase-3 may contribute to the exacerbated indices of morbidity and mortality that occur in leptin-deficient mice post-CAL. 18 In conclusion, leptin has been shown to limit apoptotic cell death in cultured cardiomyocytes 19 and in the hearts of leptin-deficient Ob/Ob mice as they age. 20 Our study is complementary and extends these previous findings by demonstrating that leptin also limits apoptosis in the setting of chronic ischaemic cardiac injury. We also demonstrate that regulation of cardiac apoptosis by leptin is mechanistically linked to increased STAT-3 responsive bcl-2 and survivin expression, and ultimately, to decreased caspase-3 activity. It is important to note that this regulation of apoptosis post-CAL by leptin occurred independent of weight, as lean and obese leptin-deficient Ob/Ob mice groups demonstrated equally detrimental increases in apoptosis that reverted to wild-type levels with leptin repletion. Along with increased apoptosis, leptin deficiency was also associated with increased inflammatory cell number and a decreased fraction of apoptotic cells that were CD45-positive, suggesting that leptin not only decreases inflammation post-MI, but may also serve to specifically preserve cardiomyocyte survival at the site of infarction. Cardiomyocyte survival in the face of cardiac ischaemic injury is a key factor in limiting the morbidity and mortality associated with HF. 1 As such, our data suggest that reduced or absent leptin signalling is a potential mechanism that may increase cardiac apoptosis and inflammation, and worsen myocardial injury in response to chronic ischaemia.
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